X double-stranded RNA is a deletion mutant of L-A double-stranded RNA and is encapsidated in viral particles by the L-A-encoded major coat protein. X doublestranded RNA has all the cis sites necessary to be transcribed, encapsidated, and replicated. We have cloned X doublestranded RNA and sequenced it. The complete X doublestranded RNA sequence deduced indicates that the first 25 bases of the X plus-strand 5' end originated from the 5' end of the L-A plus strand and that most, if not all, of the rest comes from the 3' end of the L-A plus strand. The X plus strand made by X double-stranded RNA-containing virus-like particles binds specifically to empty open virus-like particles and is converted by these particles to X double-stranded RNA. RNA transcripts of the X complementary DNA clones and deletion derivatives thereof were made in vitro by T7 and T3 RNA polymerases and tested for specific binding to the virus-like particles. The results suggest that the binding is due to the sequence UUUGGCCAGG, 370 bases upstream from the X plus-strand 3' end. This sequence is also present in the Ml plus strand 140 bases from its 3' end.
Most strains of the yeast Saccharomyces cerevisiae harbor intracellular virus-like particles (VLPs) that contain linear double-stranded RNA (dsRNA) molecules of various sizes. The most widely distributed is L-A dsRNA [4.8 kilobases (kb) ], which encodes the major coat protein of the VLPs in which itself and another dsRNA, M1 (1.8 kb) , are separately encapsidated. M1 encodes a polypeptide of =31 kDa that carries the toxin and immunity determinants characteristic of killer strains (for recent reviews, see refs. 1 and 2). Other minor species of different dsRNAs are also present in most yeast strains (3, 4) . L-A and M1 are transcribed and replicated in vivo in a conservative, sequential process (5-7). Messenger polarity single-stranded RNAs (ssRNAs) or plus strands are synthesized by the VLP-associated RNA polymerase with the dsRNA inside the VLPs used as template (8) (9) (10) (11) . At least in the case of L-A VLPs, the transcripts are extruded or released into the medium (12) . Some of the plus ssRNAs become encapsidated in VLPs that have the same size and protein composition as the mature dsRNA-containing particles. Then minus-strand synthesis occurs on a plus-strand ssRNA template inside the VLPs to produce dsRNA (13) .
L-A VLPs disrupted in vitro by low ionic strength treatment lose most of their L-A dsRNA but maintain the overall structure of the particle and the replicase activity. These "empty" VLPs replicate exogenous plus L-A and M1 ssRNAs (14) . Empty VLPs thus constitute an excellent tool to study how modifying an RNA template may affect replication.
Recently, we isolated and characterized a deletion mutant of L-A dsRNA, X dsRNA (24) . X is 0.53 kb and originated as a result of a large internal deletion of the L-A parental molecule. X is encapsidated in L-A-encoded VLPs, and in vivo and in vitro experiments have shown that X is transcribed and replicated. Direct RNA sequencing showed that only the first 25 base pairs (bp) from the 5' end of the L-A plus strand were present at the 5' end of X but that at least the 110 bp sequenced from the X plus-strand 3' end were exactly the same as the 3' end of L-A, raising the possibility that the 3' region of L-A may contain some internal signals necessary for replicating or encapsidating the dsRNA or for stabilizing the particles (24) . Other deletion mutants, such as S (suppressive) mutants of M1 dsRNA, have also arisen by large internal deletions ofthe parental molecule, and the bulk ofthe material retained in these deleted molecules also derives from the 3' end of the parental genome (15) (16) (17) .
We decided to clone X dsRNA to study in detail the replication of X and, in turn, of L-A. We describe here the isolation and sequence of a cDNA clone of X.* This clone contains all but the first 23 bp from the 5' end of the X plus strand and 5 bp from the 3' end. Using RNA transcripts made from that X cDNA clone, we have established that the X plus strand binds specifically to the empty L-A VLPs, and we have identified a binding site in the X plus strand that is also present in M1. The importance of this binding site in the replication process is discussed.
MATERIALS AND METHODS Strains. Yeast strain RE455 (a argl ski2-2, L-A-HN, X) was used to purify X VLPs as described (24) . These particles served as a source of X dsRNA (obtained by disrupting the VLPs with phenol) or were used for in vitro synthesis of X plus ssRNA transcripts by using the VLP-associated RNA polymerase. Mature L-A VLPs were prepared from stationary cells of strain TF229 [a his(3,4) leu2 ski2-2, 'L-A-HN] grown in YPAD broth for 3 days at 30°C as described in ref.
12. Escherichia coli HB101 was used for the propagation of plasmids, and JM109 was used as the host for the M13 helper phage R408 to obtain ssDNA.
Empty Particle Preparation. Mature L-A VLPs (37 mg of protein per ml; 200 ,ul), which contain one L-A dsRNA per particle, were dialyzed against 300 ml of 2 mM Tris!HCI, pH 7.6/1 mM EDTA/1 mM dithiothreitol for 3 hr at 4°C. These ruptured particles have replicase activity able to synthesize a minus strand on exogenous plus-strand RNA template (14) . Then, empty particles were separated from L-A dsRNA by CsCl density-gradient centrifugation for 20 hr at 130,000 x g and at 4°C. (The initial density of the solution was adjusted to 1.31 g/ml by adding CsCl.) The empty particle fraction ( The plus or minus polarity of T7 or T3 RNA polymerase transcripts from X cDNA clones was confirmed by RNA-RNA hybridization (20) with cold X plus ssRNA transcribed by X VLPs used as a probe.
Plasmids. Plasmid pRE76 contained a 502-bp insert (X cDNA clone) in the unique Sma I site of the BluescriptSK + vector. Plasmid pRES1 was obtained by removing an EcoRI fragment of 291 bp from pRE76. This 291-bp fragment included 14 bp from the multiple cloning site upstream of the Sma I site in the vector and 277 bp from the X cDNA sequence (from base pair 23 to 300). pRE57 was an independently derived clone that contained an insert of only 183 bp (from base pair 117 to 300 of the X cDNA sequence) in the Sma I site of the same vector. The orientation of this 183 bp in pRE57 was opposite that of pRE76. pRE90 was obtained by removing the 160-bp HindIII/Hae III fragment from pRE76, which contained 27 bp from the multiple cloning site, upstream of the Sma I site, and the first 133 bp from the 5' end of the X cDNA sequence (from base pair 23 to 156). (14) . When X plus ssRNA is added to empty L-A VLPs, it is converted to X dsRNA with net RNA synthesis (Fig. 1) . The reaction depends on the presence of both the X plus-strand template and the disrupted L-A VLPs. The newly synthesized strand was the X minus strand (data not shown).
Cloning and Sequence of X. The cDNA synthesis and cloning of X was carried out as described. Among six cDNA clones of X, pRE76 had the largest insert (Fig. 2) .
The complete sequence of both strands of the insert in pRE76 was determined. The sequence of the first 60 nucleotides from the 5' end and >100 nucleotides from the 3' end of the X plus strand had already been established by direct Genetics: Esteban et al. 3 ' terminal 5 bp of the X sequence were found in the cDNA clone pRE76. The complete sequence of the X plus strand is shown in Fig. 3 . The restriction sites for EcoRI (E) and BstXI (B) in the X plus-strand sequence are also present, at the same distances from the 3' end, in L-A (T. Icho and R.B.W., unpublished data) (Fig. 2) . This suggests that only the first 25 bp from the 5' end of X (where the breakpoint between X and L-A occurs) were directly derived from the 5' end of L-A. Apparently, the rest of X comes from the 3' end of L-A, with no internal portions of L-A present in X. Fig. 3 also shows that X encodes an uninterrupted 156-amino acid sequence from base pair 27 to 494. This truncated open reading frame might represent the carboxyl terminus of a larger protein encoded in L-A. Two perfect inverted repeats of 18 bp each, from base pair 1 to 18 and from base pair 24 to 42, are indicated, the first of which is present in the L-A 5' end sequence. The second inverted repeat probably was generated in the course of formation of X, although until the complete sequence of L-A is known, this will be uncertain.
X Plus ssRNA Shows Binding Affinity for L-A VLPs. In the course of the replication assays performed with empty VLPs (Fig. 1) , we observed that the template ssRNA used had affinity for the VLPs and that the VLP-RNA complex (binding complex) formed was easily detected by gel retardation experiments (Fig. 4) . The formation of the complex was dependent on the type of ssRNA template used. Fig. 4A shows that the plus strand of X dsRNA has binding affinity, whereas the minus strand does not.
To determine which part of the X plus strand was responsible for the binding activity, we used T7 or T3 RNA polymerases to make in vitro RNA transcripts from X cDNA clones that contained only part of the X sequence and used them in the binding reaction. RNA ligase, and the plus and minus strands were separated and purified from a polyacrylamide strand-separating gel as described (22 Figs. 4 and 5 . The sequence at positions 420-429 is identical except for 1 base (indicated by the X) and is also boxed. nor X plus-strand sequences from base pair 300 to 525 (transeript a) showed binding activity.
We next studied in more detail the region from base pair 117 to 300 of the X plus strand with some of the restriction enzymes indicated in Fig. 3 (BstXI, Xmn I, and HigAI) to digest DNA from plasmid pRE76 prior to transcription with T7 RNA polymerase. Fig. 5 shows the binding activity of some ofthe in vitro RNA transcripts. The minimum size RNA that has binding activity is transcript b containing X sequences from the 5' end (base pair 23) DISCUSSION The molecular characterization of X dsRNA described here, combined with that reported earlier (24) , indicates that only 25 bp from the L-A plus-strand 5' end are present in X; the remainder (at least the 390 bp from the BstXI site to the 3' end) (Fig. 2) is the same as the 3' end of L-A (T. Icho and R.B.W., unpublished results).
Even though X dsRNA carries only 530 bp of L-A's original 4.8 kb, X is packaged, transcribed, and replicated by the L-A VLP system. This means that X carries all the sites necessary for these processes. The studies reported here have delimited a site around residue 155 (from the 5' end of X plus strands) that is necessary for the specific binding of X to the opened empty VLP particles capable of converting X plus strands to X dsRNA. While further work will be necessary to exactly define the necessary and sufficient sequence, a good candidate is the 10-bp sequence 5' UUUGGCCAGG 3' present from residues 151 to 160 in X and also near the 3' end of M1 dsRNA (23) and its deletion derivatives, S3 and S14 (16, 17) . This sequence is present on the plus strands of X, L-A, and M1, and only the plus strands of these molecules are replicated. Furthermore, a detailed analysis indicates that this binding site is necessary for the in vitro replicase reaction that converts plus strands of L-A, M1, or X to the respective dsRNAs (unpublished data).
The generation of the X deletion molecule, a process in which >90% of L-A was lost, has resulted in a molecule with an inverted repeat of the first 18 bases of the 5' end beginning at base 24. Whether this inverted repeat was generated during the deletion process or was already present in the original L-A sequence is as yet unclear. It will be interesting to determine whether the inverted repeat found near the 5' end of X is an essential feature to allow replication of this molecule. The S mutants (replicating deletion mutants ofM1), S3 and S14, have no such inverted repeat. VLPs containing a wide range of deletion derivatives of L-A have been demonstrated in wild-type strains (12, 13) . Our evidence suggests that, unlike X, most of these molecules are not replicating.
The uninterrupted reading frame from base pair 27 to 494 potentially encodes 156 amino acids that could constitute the carboxyl terminus of a larger protein encoded by L-A. It is already known that L-A encodes an 81-kDa protein, the major component of the VLPs in which L-A, M1, or X are encapsidated; the coding capacity of L-A (4.8 kb), however, is at least twice that required for this protein. Near the 5' end of the L-A plus strand there is an initiation codon at base pair 30, and this reading frame extends through the 110 bp so far sequenced (21) . The fact that the 156-amino acid sequence (carboxyl terminus) is located at the very 3' end of X (and thus of L-A) suggests that in addition to the 81-kDa protein, a much larger polypeptide might be also encoded by L-A. No coding capacity seems to be associated with the X minus strand (similar to M1). This result is expected because only the plus strands are synthesized and released from the VLPs into the cytoplasm, where they can be translated into proteins.
